Introduction
Soil hydraulic conductivity is one of the vital hydraulic properties that governs transient seepage and affects the magnitude and distribution of pore-water pressure (PWP) and suction in unsaturated soils. This parameter is thus crucial for determining the stability of geotechnical infrastructure such as compacted embankments and slopes subjected to environmental loading such as rainfall (e.g., Ng and Shi, 1998; Leung and Ng, 2013) . Soil hydraulic conductivity is also important for agriculturists to determine availability of soil moisture for assessing crop yields (e.g., Wetzel and Chang, 1987; Zhang et al., 2004) as well as ecologists to figure maintenance of ecosystems such as wetlands (e.g., Eldridge and Freudenberger, 2005; Colloff et al., 2010) . Unlike saturated soil, hydraulic conductivity of an unsaturated soil is a variable that is not only a function of void ratio but also suction or water content (Romero et al., 1999; Gallage et al. 2013 ) and net stress (Hung et al., 1998; Ng and Leung, 2012) . At a given net stress, the relationship between soil hydraulic conductivity and soil suction or water content is referred to as soil hydraulic conductivity function (SHCF).
Instantaneous profile method (IPM; Watson, 1966; Benson and Gribb, 1997 ) is a usual transient-state testing method, which is able to directly measure a SHCF that is close to that obtained by a steady-state method but in relatively shorter test duration (Klute, 1972; Fredlund and Rahardjo, 1993; Raoof et al., 2011) . The IPM is based on mass continuity to evaluate the instantaneous profiles of water flow rate and hydraulic head under an assumed one-dimensional (1D) water flow condition. According to Darcy's law, SHCF at any depth and elapsed time can then be determined by dividing water flow rate by hydraulic gradient. Based on the original formulation of the IPM adopted by several studies (e.g., Watson, 1966; Hillel et al., 1972) , the method works only when any top or bottom boundary condition(s) of a water flow system is measured or assumed during testing because the calculation of water flow rate requires integration. Although top or/and bottom boundary conditions of an 1D soil column under laboratory condition can be controlled and measured relatively conveniently (Watson, 1966; Meerdink et al., 1996; McCartney, 2007; Cui et al., 2008; Ng and Leung, 2012) , it may not be the case in the field, where the measurements of boundary flow conditions (if not impossible) are difficult and costly. Assumptions that may not be easily justified had to be made inevitably when using the IPM.
For internal drainage testing method in the field (Rogers and Klute, 1971; Hillel et al., 1972; Basile et al., 2003) , it is common to cover the soil surface so that zero boundary flux condition can be assumed at the soil surface. Due to the slow process of internal drainage, another common test method is to not cover the soil surface and to allow for surface evaporation (Plagge et al., 1990; Wendroth et al., 1993; Tse, 2008; Krisdani et al., 2009; Ng et al., 2011; Ng and Leung, 2012) . In order to avoid any measurements of actual evaporation rate which is known to be complicated due to the highly-nonlinear soil-atmosphere interaction at the soil surface (Wilson et al., 1997) , zero flux is commonly assumed at the bottom boundary (Wendroth et al., 1993; Krisdani et al., 2009; Ng et al., 2011) . Such assumption can be unrealistic, and not able to be justified, as no-flux boundary is not well-defined in the field. This could lead to problematic determination of SHCF using the IPM.
In this study, a new alternative interpretation method of the IPM is proposed to determine SHCF without any need to measure, control or assume any boundary flux during testing. The effectiveness of the new method is evaluated through numerical simulations and selected case studies. SHCF obtained by the original method proposed by Watson (1966) and the newly-proposed method is also compared. Fig. 1 shows arbitrary profiles of volumetric water content (VWC; ) and hydraulic head (H) at elapsed times t = t1 and t2 along an 1D soil column. The values of VWC and PWP can be measured by, for instances, moisture sensors and suction probes, respectively, at zA (Row A), zB (Row B), zC (Row C) and zD (Row D). Considering 1D continuity equation in vertical (i.e., z) direction,
Formulation of instantaneous profile method
where v is water flow rate;  is VWC; and t is elapsed time. Both v and  are a function of space (z) and time (t). By Darcy's law, v can be expressed as:
where i is hydraulic gradient; H is hydraulic head, which is a summation of elevation head (z) and pressure head (h); and k is hydraulic conductivity, which is a function of VWC (k()) or pressure head (k(h)). By determining v through Eqn (1) and with a known i, k can be obtained by Eqn (2).
Old method
The original approach proposed by Watson (1966) is to determine instantaneous profiles of water flow rate (i.e., v) by integrating Eqn (1) with respect to depth from one end of the soil column, zE, to the depth under consideration (i.e., zave = (zA + zB)/2; Fig. 1 ). It is an assumption to extrapolate all measured VWC profiles, typically linearly, to the soil surface and the bottom of the soil column (see Fig. 1 ), if VWC at these two boundaries are not known/measured. Hence, by integration,
Eqn (3) may be approximated to the following equation:
where vzave,tave is water flow rate at the depth zave evaluated at the average elapsed time, tave (=(t1 + t2)/2); vzE,tave is the boundary water flow rate evaluated at tave at the bottom of the soil column (i.e., zE), either measured or assumed depending on the test conditions; andV1 = Va +Vb (refer to Fig. 1 ), which can be evaluated by trapezoidal rule. The physical meaning of Eqn (4) is to determine the change of total water volume from depths zE to zave between time interval, t (= t2 -t1) in the soil column for a given boundary flux condition. For some testing conditions where only water flow rate at the top boundary of the soil column is known, similar calculation method can be adopted. In this case, the integration in Eqn (3) should be performed from the column surface to the depth of interest.
On the other hand, the hydraulic gradient at depth zave at tave (izave,tave) can be evaluated by the central difference method:
Hydraulic conductivity at depth zave and time tave (kzave,tave) can be calculated by dividing the vzave,tave from Eqn (4) by the izave,tave from Eqn (5), through Darcy's law (Eqn (2)). Hence, a SHCF can then be obtained by relating the calculated kzave,tave with the corresponding suction ( = -hw, where w is the unit weight of water) or .
Newly-proposed method
The new method of interpretation of the IPM is to determine kz,t without the need to measure or assume any boundary flux of the soil column in a test. The first step of the proposed method is to integrate the 1D continuity mass equation with respect to depth on both side of Eqn (1) from zA and zB, if zave is the depth of interest:
Eqn (6) may be approximated to the following equation:
where V2 = Vb +Vc (see Fig. 1 ). Then, by Darcy's law (Eqn (2)), Eqn (7) can be expressed as:
If the spacing of instruments in the soil column is close enough, it is reasonable to assume that kzA,tave = kzB,tave = kzave,tave. Hence, kzave,tave can be calculated using the following equation:
It should, however, be noted that the newly-proposed method is not applicable for any flow condition that gives zero or uniform hydraulic gradient (i.e., izA,tave = izB,tave). These cases would result in numerical singularity in Eqn (9). Moreover, the izA,tave and izB,tave must have the same sign to satisfy the mass continuity. As k is always positive, izA,tave must be larger than izB,tave when the soil column is subjected to drying process (i.e., negative V2), whereas izA,tave must be smaller than izB,tave when wetting process is considered (i.e., positive V2).
Methods of evaluation
Two phases of evaluation are conducted to examine the effectiveness of the newly-proposed interpretation method, compared to the old approach. The first phase is to carry out hypothetical soil column tests through numerical simulation, similar to the approach adopted by Chen et al. (2010) . By applying different known boundary flux conditions and with known soil hydraulic properties including SHCF (denoted as SHCFinput), instantaneous profiles of VWC and hydraulic head can be determined. Then, using Eqns (3) -(9), the two computed profiles can be used to determine SHCF by the newly-proposed and old methods (denoted as SHCFnew and SHCFold, respectively 
where N is the number of observations;  is matric suction; km () is either kold () or knew (), which refers to SHCFold and SHCFnew, respectively. NRMSD is evaluated for suctions ranged from 0.1 to 80 kPa. A lower NRMSD indicates a better agreement between SHCFinput and SHCFnew (or SHCFold). In the ideal condition of perfect agreement, NRMSD is equal to zero.
The second phase of evaluation is through case studies reported in the literature. Test data from three laboratory (Watson, 1966; McCartney 2007; Ng and Leung, 2012) and two field (Hillel et al., 1976; Ng et al., 2011) studies are selected for re-interpretation using the new method.
SHCFold in all cases is known. The evaluation is conducted by investigating the degree of agreement between SHCFnew and SHCFold using NRMSD. The equation of NRMSD in this case is slightly different from the previous case and is expressed as:
Eqn (11) is to determine the degree of agreement between SHCFnew and SHCFold, while Eqn (10) is to compare SHCFinput with either SHCFnew or SHCFold.
Datasets for evaluation

Phase 1: numerical simulation
A commercial finite element package, SEEP/W (Geo-Slope Int., 2009), is used to simulate two hypothetical SHCF tests, namely internal drainage test and evaporation test, which are the two most common test methods adopted by various existing field and laboratory studies. For both types of test, a 1-m high 1D sandy soil column is simulated. The soil water retention curve (SWRC) and SHCF of the sandy material are shown in Fig. 2 . When simulating the internal drainage test, the sand column is initially fully saturated (i.e., uniform zero suction) and is allowed to drain. In terms of modelling, no-flux boundary is specified on the top of the column surface to simulate the covering of soil surface (i.e., no evaporation took place), while unit-gradient flux boundary condition is applied at the column base to simulate free drainage condition. This flux boundary means that the nodal discharge flux at the column base was fixed to be equal to -k (), according to Eqns (3) - (9) are then applied to these discretised profiles for determining SHCFnew and SHCFold.
In order to explore the effects of sensor spacing on the newly-proposed method, the calculation of SHCFnew is repeated using more densely-discretised VWC and PWP profiles, considering 10 pairs For the evaporation test, the sand column is also fully saturated initially. In this case, the top surface of the column is subjected to 30-day evaporation process, while free drainage (i.e., unit-gradient flux boundary) is allowed at the column base. A simplified modelling approach of evaporation is adopted. Instead of modelling the nonlinear soil-atmosphere interaction (Wilson et al., 1997) , the effect of evaporation is simulated by applying a constant negative pressure head of -12 m at the column surface. It should be noted that the objective of this numerical simulation is not to investigate the soil-atmosphere interaction, but to obtain different shapes of instantaneous profiles of VWC and hydraulic head due to different applied boundary conditions for evaluating the new method. Such simplified modelling method is considered to be acceptable. The evaporation rate at the column surface and the drainage rate at the column base are obtained for determining SHCF using the old method (i.e., the term vzE,tave in Eqn (4) respectively. It can be seen in Fig. 3 (c) that the sand column loses moisture near the top surface via evaporation in a rate faster than that near the base due to drainage. Compared to the 60-day internal drainage test, more soil moisture is lost in the evaporation test. This thus leads to higher suction induced in the soil column at the end of the test, even though the test duration (30 days) is halved.
Phase 2: selected case studies
Three laboratory (Watson, 1966; McCartney, 2007; Ng and Leung, 2012) and two field (Hillel et al., 1972; Ng et al., 2011) studies are selected for evaluation. The tests reported by Watson (1966) , McCartney (2007) and Hillel et al. (1972) are internal drainage tests, while those by Ng and Leung (2012) and Ng et al. (2011) are evaporation test. These five case studies are chosen because they document comprehensive test datasets and most of the necessary information that can be used to evaluate both the old and the new methods.
Watson (1966) performed a laboratory column test for sand with 0.57 m in height. The sand column was initially water saturated. Before testing, a small head of water of 1 mm was maintained at the column surface and the base of the column was opened to atmosphere for allowing free bottom drainage. At equilibrium, the drainage test commenced when the small ponded water disappeared through the column surface. During the drainage process, instantaneous profiles of VWC and suction were obtained by destructive methods using replicated sand columns (exact procedures not reported). By relating the VWC and suction measured during the test, the soil water retention curve (SWRC) of the sand is obtained (Fig. 4(a) ). The air-entry value (AEV) is ~4 kPa, beyond which a very significant reduction of VWC from 0.36 to 0.09 is observed.
McCartney (2007) measured a SHCF of loosely-compacted clay using a 0.75 m-height column, where a constant water inflow rate of 8 x 10 -8 m/s was applied at the column surface in the laboratory. Free water drainage was allowed at the column base during testing. After compaction, the clay column was initially unsaturated, with a uniform distribution of VWC of 14.5%. Upon infiltration, instantaneous profiles of VWC and any outflow rate at the column base were monitored.
Pore-water pressure (or suction) was not recorded during the drainage process, and it was estimated by mapping the measured VWC to a SWRC, which was separately measured by a pressure plate (Fig. 4(a) ). The test was lasted for almost 63 days (i.e., 1500 hours). However, the calculation performed in this note only involves the results that cover the first 25 days (i.e., 600 hours) of the test. This is because on the 25 th day, the wetting front has advanced to the column base and a steady-state condition has reached. Therefore, only the transient flow process between days 0 to 25 is relevant for carrying out the IPM calculation (old or new method).
Ng and Leung (2012) developed a stress-controlled soil column apparatus to measure SHCFs of compacted silty clay under three different vertical load levels, 0, 40 and 80 kPa, in laboratory. Each silty clay column was saturated and then loaded to the desired stress level. At equilibrium, the top surface of each column was subjected to soil evaporation for approximately 130, 175 and 260 days, whereas the bottom flux was controlled to be zero by closing a valve installed near each column base. Four pairs of soil moisture sensors and tensiometers were installed at 200, 325, 700 and 825 mm depths. As shown in Fig. 4(a) , SWRC of the compacted soil is stress-dependent. As vertical load increases, the silty clay has increased ability to retain moisture, higher AEV and lower desorption rate. In their study, evaporation was not measured. Therefore, the determination of SHCFs through the old method had to be carried out by integrating the measured VWC profiles from the column base, where the boundary flux (i.e., vzE,tave) was known (i.e., zero flux for each test).
A field SHCF test was conducted by Hillel et al. (1972) on a flat ground comprising alluvial sandy-loam soil. More than one neutron probes (exact number not reported) and five tensiometers were installed to monitor the responses of VWC and suction, respectively, at average depths of 0.3, 0.6, 0.9, 1.2 and 1.5 m. Due to the ground variability in the field, the soil water retention ability was found to be different at different depths (Fig. 4(b) ). The test was started by irrigating the plot until all sensors recorded steady-state values, and then followed by an internal drainage test. During the test, the plot was covered with a plastic sheet to prevent any water flux across the surface. This test method hence created no-flux top boundary condition for the old method to determine SHCF. Ng et al. (2011) carried out a similar field SHCF tests as Hillel et al (1972) but on a test site consisting of a 1 m-thick colluvium (sandy silt) layer overlying a 3-m thick decomposed silty clay stratum. In the site studied by Ng et al. (2011) , a bedrock surface was encountered below 4 m depth.
They installed ten tensiometers at 0.36 to 2.99 m depths, but only four time domain reflectometers (TDR) for monitoring VWC due to budget constraints. This study consisted of two wetting-drying cycles. The 1 st phase was to pond the site until steady-state readings were recorded, and then followed by an evaporation test in the 2 nd phase for 24 days. The plot was dried by both soil evaporation at the surface and internal drainage. The second wetting (3 rd phase)-drying (4 th phase)
cycle was the repetition of the first cycle, but the test duration for the second drying cycle was shortened to 16 days. Based on the test data reported by Ng et al. (2011) , only the responses of VWC and PWP within the top 1.2 m depth showed significant change, and thus only SHCF of colluvium is assessed in this note. The SWRC of the colluvial sandy silt shown in Fig. 4(b) indicates that the AEV is ~1 kPa. Ng et al. (2011) reported that the colluvial deposit in the field is rather loose as a result of historical mass wasting process. It is thus not surprising for the loose colluvium to have a low AEV. As suction increases beyond 4 kPa, it appears that a residual VWC of 0.25 has reached. to A5 in the appendix. The measurements are not discussed in this note, as all details have been reported in the respective studies. The purpose of showing these instantaneous profiles is to help evaluate the effectiveness of the newly-proposed interpretation method.
Results and discussion
Figure 5 compares the SHCFinput with both the SHCFold and SHCFnew for the hypothetical internal drainage test (Fig. 5(a) ) and the evaporation test (Fig. 5(b) ). Within the range of suction investigated, the SHCF determined by the old method (i.e., SHCFold) almost resembles the "true" SHCF (i.e., SHCFinput) in both cases (NRMSDold,input lower than 2%; Table 2 ), when the boundary flux is available for the calculation using Eqn (4). Although the newly-proposed method does not
give as good estimation as the old method, the NRMSDnew,input is considerably low (i.e., < 9.5%),
given the fact that the calculation using the new method did not require any boundary flux. To further interpret the calculation, all SHCFnews are fitted with the equation proposed by van Genuchten (1980) . It can be seen that there is a slight shift of the fitted SHCFnew from the SHCFinput.
For both hypothetical tests, the fitting parameter, a, appears to change negligibly (Table 3) . Despite of a noticeable difference of the parameter, n (which indicates the reduction rate of hydraulic conductivity for a given suction increase) for the internal drainage test (Fig. 5(a) ), the discrepancy reduces significantly when using 10 rows of sensors. The fitting parameters for this modified case are close to those for SHCFinput. Correspondingly, NRMSDnew,input reduces to 3.3% only (Table 2) .
When using more sensors to obtain hydraulic head profiles, the error of propagation due to numerical differentiation (for determining hydraulic gradient profiles; Eqn (5)) would be reduced (Fluhler et al., 1976; Zhang et al., 2012) , hence increasing the accuracy of SHCF estimation.
Comparisons of SHCFold and SHCFnew for the five selected case histories are shown in Fig.   6 . Good agreements between SHCFold and SHCFnew for both the laboratory and field internal drainage tests reported by Watson (1966) , Hillel et al. (1972) and McCartney (2007) are sought
(Figs 6(a), (b), (c) and 7)
. The values of NRMSDold,new for these three cases are not more than 12% (Table 2 ). In these three selected case studies, both the SHCFold and SHCFnew are able to be fitted by using the same set of parameters of van Genuchten (1980)'s equation reasonably well ( Table 3 ).
Note that the difference of the steady-state and transient-state SHCF of the clay reported by McCartney (2007; Fig. 6(c) ) is because PWP in the old IPM calculation is deduced indirectly from the drying SWRC (Fig. 4) , rather than from direct measurement. However, it must be pointed out that the aim of this note is to study the effectiveness of the newly-proposed SHCF estimation method. The accuracy of measuring PWP is not relevant to this study. As long as the same set of column test data is used, the comparison of SHCF estimated by the old and newly-proposed method would be valid.
Despite of some scattering of SHCFs for the case by Ng and Leung (2012; Fig. 6(d) ), the SHCFnew for each stress level exhibits a similar trend to the corresponding SHCFold, resulting in an acceptable range of NRMSDold,new from 12% to 17% (Table 2) . For each stress level, the same set of fitting parameters appears to be capable of capturing both the SHCFold and SHCFnew (Table 3 ).
For the case Ng et al. (2011) , the new method gives a SHCFnew that has a greater decreasing rate of hydraulic conductivity than the SHCFold, during both the 1 st and 2 nd drying phase of the tests (Fig. 6(e) ). As compared to the old method, the hydraulic conductivity determined by the new method can be under-estimated by up to 60% (see Fig. 7 ). Such discrepancy hence led to relatively high NRMSDold,new of 20% to 24% (Table 2 ). It must be pointed out that in this particular field study, estimation of water flow rate in the colluvium is less accurate, regardless of the use of the old or the new method, as only one TDR was installed in the colluvium at 0.84 m depth (Table 1 and Fig. A5 ). In order to determine V1 using Eqn (4) and V2 using Eqn (9), one assumption that must be made is to extrapolate all instantaneous profiles of VWC from the depth of 0.84 to 0.77 m, where the closest tensiometer was installed in the colluvium near the TDR. As this specific limitation affects the accuracy of both the old and the new method, the values of NRMSDold,new, obtained for this particular case should not be relied on, when attempting to evaluate the performance of the newly-proposed method.
Summary and conclusions
This note proposes a new interpretation method of the instantaneous profile method for determining a hydraulic conductivity function of an unsaturated soil. The new method has a major advantage over the old method by removing any need to measure and assume either the top or bottom boundary flux, which is usually expensive and difficult to obtain in a test. The new method is evaluated through (i) hypothetical column tests using finite element transient seepage analyses and
(ii) five selected case studies. These selected case studies document comprehensive test datasets that are sufficient for re-interpretation. In this note, internal drainage test (i.e., no flux or ponding at top boundary and free bottom drainage) and evaporation test (i.e., evaporation at top boundary and free drainage or no-flux bottom boundary) are used to examine the accuracy of the estimation of soil hydraulic conductivity function (SHCF) using the old and new methods.
The new method is revealed to have good accuracy in determining a SHCF for both types of tests without any use of measured/assumed boundary flux. This is indicated by the low normalised root-mean-square deviation (NRMSD; lower than 10%). The accuracy is further increased (i.e., NRMSD drops below 5%) when the spacing of sensors installed in a soil column is decreased.
Closer sensor spacing reduces error propagation due to differentiation of hydraulic head profiles when determining hydraulic gradient. No major difference is found between the SHCFs determined by the old and new methods (NRMSD not more than 17%), expect for one field evaporation test where there is a lack of water content measurement for the calculation of water flow rate (which gives a NRMSD up to 25%). The new method works especially well for flow conditions that do not result in zero or constant hydraulic gradient, where numerical singularity would occur during SHCF calculation. Table 1 . A summary of test conditions of the five selected case studies McCartney ( of sand for the hypothetical column tests
List of tables
1.E-10
1.E-09
1.E-08
1.E-07
1.E-06
1 (Hillel et al. 1972) and colluvium (Ng et al. 2011) 1.E-10
1 1.E-10
1.E-05 (Hillel et al. 1972) 1.E-08
1.E-05
1.E-04
1.E-03
1.E-02 
Laboratory internal drainage test
1.E-04 1.E-12
1.E-11
1.E-04 
1.E-12
1.E-05 
Laboratory evaporation test
Con't Fig. 6 . Comparisons of SHCFold and SHCFnew of (e) colluvium (Ng et al. 2011) 1.E-08
1.E-04 Figure 7 . Deviation of SHCFnew from SHCFold for the five selected case studies
1.E-02
1.E+00
1.E-12 1.E-10 1.E-08 1.E-06 1.E-04 1.E-02 1.E+00 
